Introduction
During the past few years, there has been increased interest in the use of first-principles based computational approaches for the aerodynamic modeling of horizontal axis wind turbines ͑HAWT͒. Since these approaches are based on the laws of conservation ͑mass, momentum, and energy͒, they can capture much of the physics in great detail. These approaches are particularly helpful at high wind speeds, where appreciable regions of separation are present and the flow is unsteady. The ability to accurately model the airloads can greatly aid the designers in tailoring the aerodynamic and aeroelastic features of the configuration. An improved understanding of the unsteady load environment will also help wind turbine engineers to efficiently design the rotor structure to meet the fatigue life requirements. First-principles based analyses are also valuable for developing active means ͑e.g., circulation control͒, and passive means ͑e.g., slotted airfoils and Gurney flaps͒ of reducing unsteady blade loads, mitigating stall, and for efficient capture of energy.
Full Navier-Stokes simulations of HAWT configurations have been obtained using an overset grid approach by Duque ͓1͔. Incompressible multiblock Navier-Stokes analyses have been used by Sorensen and Hansen ͓2͔, and by Sorensen and Michelsen ͓3͔. Sorensen et al. ͓4͔ have reported excellent Navier-Stokes simulations for the National Renewable Energy Laboratory ͑NREL͒ Phase VI rotor tested at the NASA Ames Research Center. The effect of transition and turbulence models on the Navier-Stokes predictions has been studied by Xu and Sankar ͓5͔ and by Benjanirat et al. ͓6͔.
The aerodynamics of the HAWT is more complex for yawed flow than for axial flow conditions as a consequence of the azimuthal variation in the relative velocity between the blade sections and the fluid. The skewed wake shed from the blade tips causes unsteady, spatially nonuniform inflow through the rotor. Under certain conditions, blade-vortex interactions can occur. These factors may lead to flow separation, unsteady fluctuations in the inflow through the rotor, and dynamic stall. Although the physics behind these phenomena has been studied intensively ͓5-8͔, attempts at modeling these effects have been limited due to the computational complexity. Some recent noteworthy efforts in modeling HAWTs under yawed flow conditions may be found in Refs. ͓7,8͔.
Methodology
The objective of the present research effort is to validate a first-principles based approach for modeling HAWTs under yawed flow conditions using NREL Phase VI rotor data ͓9-12͔. This computational effort is based on an unsteady viscous flow solver that has been developed at Georgia Tech for modeling HAWTs. Prior applications of this approach under axial flow conditions are documented in Refs. ͓5,6͔. Because the formulation has been extensively documented in earlier publications, only a brief description of the approach is given here.
In this approach, three-dimensional ͑3D͒ unsteady compressible Navier-Stokes equations are solved on a computational grid surrounding a reference blade using a finite volume method. An implicit time-marching scheme is used to advance the viscous flow solution on the grid surrounding the reference blade. The inviscid fluxes at the finite volume faces are computed using a third-order accurate upwind scheme. The viscous stresses at the cells are computed using a second order accurate approximation. The solver is third-order accurate in space and second order accurate in time.
The presence of other blades and the effects of the tip vortices not captured by the computational grid are accounted for with an induced velocity flow field at the computational boundaries. The tip vortex markers are initially generated and distributed azimuthally. The induced velocities are computed using Biot-Savart law. The induced velocity calculations require the tip vortex strength, computed as the peak bound circulation over the rotor. The calculations also require a Lagrangean representation of the tip vortex structure once it leaves the computational grid. The tip vortex is represented by a series of straight-line segments, on each of which the vortex strength is assumed to be constant. The end points of these segments ͑markers͒ and the strength of all segments are computed and updated at every 10 deg. increments of azimuth.
In the present work, all calculations are done on a C-O grid generated using an algebraic grid generator, shown in Fig. 1 . There are 131 points in the C-or wraparound direction, 85 points in the radial direction including 56 radial stations on the rotor blade, and 55 points in the normal direction. The first point off the wall is placed at 0.0005 chords. The Reynolds number used in this investigation varies between 1.25ϫ 10 6 and 1.29ϫ 10 6 at the blade tip. In our simulations, the largest y + value at the wall occurs in the leading edge region, and approximately equals 10. The y + value, however, reduces to approximately 5 from the mid chord to the trailing edge. It is worthwhile to mention that normally y + greater than 5 is not good with respect to the accuracy of most turbulence models. The far field boundaries are placed approximately six chords upstream and downstream the rotor blade. The far field boundary in spanwise direction is extended from the blade tip approximately one radius of the rotor.
Only the upwind configuration has been investigated to date. The effects of rotor tower and nacelle on the flow field have not been considered. All the calculations are done in a time-accurate manner. At low wind speeds 14,400 time steps are needed per blade revolution, representing the rotational movement of the blade by 1 / 40 deg. of azimuth every time step. At higher wind speeds, where unsteady effects are more dominant, a smaller time step equivalent to a 1 / 80 degree azimuth is used. The time step used in this sudy is in approximately 5 ϫ 10 −5 s, which is very small compared to the time constant for dynamic stall ͑c / ⍀R͒ of NREL case which is approximately 0.01 s. Therefore, the time step chosen should be able to resolve dynamic stall.
Calculations are carried out for several revolutions, from an impulsive start of the rotor. Because the flow over the rotor under yawed flow conditions is inherently unsteady, only the information that is time-averaged over the last revolution is presented in all instances. Most of the calculations have been obtained using the Baldwin-Lomax turbulence model ͓13͔. A limited number of calculations were done using Spalart-Allmaras model ͓14͔. The effects of transition are modeled using Eppler's transition criterion ͓15͔. The reader is referred to Ref. ͓16͔ for further details of this methodology. The second author has also done an independent evaluation of k-model and a Detached-Eddy Simulation ͑DES͒ model for axial flow conditions ͓17͔. The DES methodology applies RANS near the solid surface and LES in the far field where the turbulence length scale is of the order of the grid size. However, only selected k-results are included in this study.
All computations in the present study were performed on a desktop computer with a single 2.40 GHz Intel Pentium IV processor, 256 MB of RAM, and a 60 GB of hard drive. For low wind speed conditions, each revolution of the rotor ͑14,400 time steps͒ took approximately 26 h of wall clock time. Calculations were done for 2 to 3 rotor revolutions. The solutions from the final revolution were used in the following discussions.
As stated earlier, the solution is made of two parts: The immediate flow field over the rotor that is modeled using Navier-Stokes equations, and the far field wake that is analytically modeled for several revolutions. When the solution is started, the effects of the far field vortex structure are already accounted for in the calculation. Thus only 2 to 3 revolutions are needed to establish the near wake behind the blade that is captured by the Navier-Stokes analysis, and to adjust the time-dependent strength of the tip vortex filaments. For further details of this procedure, the reader is referred to the Ph D dissertation of Xu ͓16͔.
Results and Discussion
Calculations have been obtained for the NREL Phase VI rotor at four wind speeds ͑5, 7, 10, and 15 m / s͒; at five yaw angles ͑0, 10, 30, 45, and 60 deg.͒. As stated earlier, an excellent experimental database is available for this rotor, and has been used to calibrate a variety of solution techniques ͓9-12͔. The assessment of the present method was done by comparing the predictions with the following measurements: ͑a͒ Radial variation of the normal force coefficient C N and tangential force coefficient C T ; ͑b͒ variation of time-averaged torque generated by the rotor as a function of yaw angle and wind speed; ͑c͒ time-averaged root flap moment variation as a function of wind speed and yaw angle; ͑d͒ surface pressure distributions at selected radial sections.
Because the flow over a rotor in yaw is inherently unsteady, the aerodynamic loads fluctuate about time-averaged ͑mean͒ values. The experimental database contains both unsteady ͑raw͒ data and time averaged data. A large body of unsteady data was generated as part of this study for four wind speeds and five yaw conditions. For brevity, comparisons with only the time averaged data are presented here. 
Low Wind Speed Attached Flow Conditions.
We first present results at low wind speeds of 5 and 7 m / s for yaw angles up to 60 deg. At these conditions, a visualization of the computed flow indicates that the flow is well-behaved and attached over much of the rotor. Under these conditions, on the present grid and the algebraic turbulence model, one can expect the results to be in reasonable agreement with measurements. This indeed turns out to be the case. Figures 2 and 3 show the radial distribution of the pressure force normal to the chord at 5 and 7 m / s, respectively. A reasonable agreement with measurements is observed. Figures 4 and 5 show the corresponding tangential forces at 5 and 7 m / s, respectively. It should be noted that the tangential forces are quite sensitive to the pressure distribution in the leading edge stagnation region, and trailing edge recompression region. Since the experiments had only a few pressure taps in these regions, one cannot expect the measured C T values to be as accurate as the C N values. The qualitative agreement between the measurements and the predictions is reasonable when this uncertainty in the measurements of C T is factored in. The prediction of transition influences the prediction of skin friction drag, and can also affect the tangential force at these low wind speeds. Figure 6 shows the variation of shaft torque with yaw angle at these wind speeds. Whereas the trend is correctly predicted, the computed torque shows approximately 30% discrepancy at the lower wind speed of 5 m / s. The shaft torque at these low wind speeds is dominated by the radial distribution of the tangential forces, which could not be predicted well. At the higher wind speed of 7 m / s, the discrepancy between prediction and measurements is within 10%. Figure 7 shows the root flap moment as a function of yaw angle. This quantity is dominated by the normal force effects. The root flap moment is weighted with the radius and therefore the relatively large errors at the inboard section contribute relatively small. Good agreement with experiment is observed. Figures 8  and 9 show representative surface pressure distributions at selected radial locations and yaw angles, at wind speed 5 and 7 m / s, respectively. Good agreement is observed except in the inboard regions where the use of a compressible flow solver at extremely low wind speeds creates spurious spikes in the vicinity of the leading edge stagnation point.
High Wind Speed Fully Separated Flow Conditions.
We next look at another extreme case, where the wind velocity is high enough ͑20 and 25 m / s͒ to cause flow separation over the entire upper surface. At this writing, results are available only for zero yaw. Because the flow was fully separated, some of these simulations were repeated using more advanced turbulence models ͑one equation S-A model, and a two-equation k-model͒. The k-results were computed using a companion H-O grid based solver with comparable number of grid points ͓17͔.
Figures 10 and 11 show the radial distribution of the normal and tangential forces at zero yaw condition using various turbulence models. The normal force was again in reasonable agreement. Above 20 m / s, because the flow is massively separated, there is a very large pressure drag and the tangential force is negative over much of the rotor. Under high wind conditions, the torque generation is influenced more by the in-plane component of the lift force. Only the S-A model based predictions were in reasonable agreement ͑Fig. 12͒ at these wind speeds. The root flap moment ͑Fig. 13͒ is C N times r / R integrated over the blade radius. This quantity is sensitive to small variations in the C N values near the tip shown on Fig. 10 , because of the large moment arm.
Only the k-model predicted reasonable agreement with measurements. Based on Figs. 12 and 13, it may be concluded that none of the models considered here ͑B-L, S-A, k-͒ gave uniformly good agreement for the torque and the root flap bending moment at these high wind speeds.
The pressure distributions at 25 m / s shown in Fig. 14 are similar in quality to Figs. 8 and 9. The agreement is reasonable except at the inboard stations where the present approach does not capture the pressure plateau seen in experiments, caused by flow separation.
Transitional Partially Separated Flow Conditions.
We next look at the flow conditions ͑wind speed of 15 m / s͒, where the flow over the rotor is partially separated. Calculations have been obtained at five yaw angles: 0, 10, 30, 45, and 60 deg. Only representative results are shown due to manuscript length restrictions. In this regime, the flow is sensitive to both the turbulence model and the transition model. In the present study, Eppler's transition model was used ͓16͔. It is seen that the normal forces ͑Fig. 15͒, shaft torque ͑Fig. 16͒, and root flap moment ͑Fig. 17͒ are all well predicted with the S-A turbulence model-Eppler's transition model combination. The surface pressure distributions were also better predicted with the S-A and Eppler's model. The Baldwin-Lomax model based simulations tend to overpredict both the normal and the tangential forces.
In the speed regime between 7 and 15 m / s ͑e.g., at 10 m / s͒, none of the combinations ͑transition model, turbulence model͒ gave acceptable results for C T and for torque, although C N distributions and root flap moments were reasonable ͑see Figs. 18-21͒. In this regime, transition plays a critical role in where flow separation occurs. Separation prediction affects the pressure distribution, particularly in the leading edge suction region. The tangential force C T is sensitive to these effects and could not be predicted well.
Variation of Power as a Function of Wind Speed.
Finally, we look at the power generated by rotor in Fig. 22 . This is the same information presented in Figs. 6, 16, and 20 , and was replotted as a function of wind speed. At low wind speed condi- 
Conclusions
The aerodynamics of the NREL Phase VI rotor under yawed flow conditions has been analyzed at four wind speeds and four yaw angles. The conditions chosen for detailed study range from fully attached flow to massively separated flow. Calculations have obtained done using a time-accurate viscous flow solver, and timeaveraged quantities are extracted for comparisons with experiments. The following conclusions are drawn:
1. At low wind speeds ͑ϳ7 m/s͒ where the flow is fully attached, even a Baldwin-Lomax model based simulation gives good agreement with measurements. 2. When the flow is massively separated ͑20 m / s or above͒, many of the computed quantities become insensitive to turbulence model effects, and the calculations show overall agreement with experiments. 3. When the flow is partially separated, encouraging results with a combination of S-A turbulence model and Eppler's transition model were obtained only at high enough wind speeds ͑above 15 m / s͒. Between 7 and 15 m / s, more sophisticated turbulence models and transition models may be necessary. A fine grid for accurate resolution of the separation may also be necessary.
At this writing, the present authors are doing studies to improve the correlations. Grid sensitivity studies and advanced turbulence modeling ͑Detached-Eddy Simulation͒ are both being investigated.
Nomenclature
C N ϭ Normal force coefficient C p ϭ Pressure coefficient 
